Methods for measuring the rates of photosynthesis and respiration in plants are reviewed. Closed systems that involve manometric techniques, 14 CO 2 fixation, O 2 electrodes and other methods for measuring dissolved and gas phase O 2 are described. These methods typically provide time-integrated rate measurements, and limitations to their use are discussed. Open gas exchange systems that use infra-red CO 2 gas analysers and differential O 2 analysers for measuring instantaneous rates of CO 2 and O 2 exchange are described. Important features of the analysers, design features of gas exchange systems, and sources of potential error are considered. The analysis of chlorophyll fluorescence parameters for estimating the quantum yield for O 2 evolution and CO 2 fixation is described in relation to new fluorescence imaging systems for large scale screening of photosynthetic phenotypes, and the microimaging of individual chloroplasts.
Introduction
Photosynthesis and respiration are the most studied physiological processes in plant science, because the balance between these two processes determines, to a very large extent, the growth and yield of most plants. Photosynthesis and aerobic respiration result in the exchange of the same two gases, CO 2 and O 2 , from plant tissues, and it is the net rate at which these gases are produced and consumed that forms the basis of most methods for measuring these processes. It is the purpose of this paper to introduce the novice to the techniques for measuring photosynthesis and respiration, to review, briefly, the history of these methods, and to describe some of the newer techniques that are currently in use. Given the allotted space for such a broad topic, it is inevitable that much will be omitted. However, the references to more detailed works should provide the reader with enough information to design measurement systems for photosynthesis and respiration successfully.
Historical perspective

Manometric techniques
The twice Nobel Laureate Otto Warburg pioneered measurement of photosynthetic rate using manometric techniques (Warburg 1919 ). Warburg manometers measure pressure changes in a closed vessel that occur when a photosynthesizing or respiring organism exchanges O 2 and CO 2 with the atmosphere. To measure these pressure changes, elaborate reaction vessels were made from blown glass and connected to a U-form capillary tube filled with manometric fluid. Most manometric methods involved the use of aqueous suspensions of cells in the reaction vessel, and Warburg (1919) was among the first researchers to suggest the use of the unicellular alga Chlorella as a suitable organism for study. An advantage of using aqueous samples was that inhibitors and activators of respiration and photosynthesis could be introduced into the cell suspensions to investigate biochemical pathways.
Manometric measurements are made typically at either constant pO 2 or constant pCO 2 . For photosynthetic measurements at constant pO 2 , the simplest approach is to maintain pO 2 at zero by filling a side arm of the reaction vessel with CrCl 2 to remove all O 2 from the atmosphere. For experiments at constant pCO 2 , Warburg (1919) proposed the use of carbonate-bicarbonate buffers in the reaction vessel so that photosynthetic O 2 evolution could be studied. For measurements of respiratory O 2 uptake, zero pCO 2 could be maintained in the reaction vessel by placing KOH in the side arm so that pressure changes resulted solely from changes in pO 2.
Several difficulties are associated with manometric methods for measuring O 2 and CO 2 exchange: (1) All other variables that might influence the gas pressure in the reaction vessel must be measured or controlled (Umbreit et al. 1957) . Variation in temperature is especially problematic when the sample is exposed to radiant energy, as in measurements of photosynthesis. The use of a water bath to control temperature is therefore essential. Pressure changes in reference vessels that contain the same medium used in the reaction vessel but no sample should be monitored to assess changes due to abiotic effects. (2) Manometric methods are not useful for measuring rapid changes in photosynthesis or respiration because the exchange rate between gas and fluid phases in the reaction vessels is slow. For this reason, only intermittent measurements are possible that provide average rates between periods of pressure readings. (3) Environmental conditions in reaction vessels bear little relation to those in the natural environment of the sample. For example, photorespiration, a process discovered by Warburg, does not occur at zero pO 2 (see Ogren 1984) .
Despite these difficulties, experiments conducted in the first half of the twentieth century by Warburg provided critical insights into fundamental processes of photosynthesis that continue to be built upon on today.
Measurements using
CO 2
In addition to its use as a tracer in photosynthetic pathways (Calvin and Bassham 1962, Hatch and Slack 1966) , the radioactive isotope 14 C has also been, and continues to be, used in many studies for measuring photosynthetic rate (e.g. Austin and Longden 1967, Irvine 1967) . The most common method involves enclosing a leaf or algal suspension in a sealed transparent chamber and exposing it to a mixture of 12 CO 2 and 14 CO 2 in which both the total pCO 2 and the specific activity of 14 CO 2 are known. The chamber is illuminated to activate CO 2 fixation, and the time of exposure to 14 CO 2 is measured. The sample is then killed rapidly and treated in one of a variety of ways to optimize the measurement of beta emissions from the fixed 14 CO 2 . Estimates of photosynthetic rate could be made in relative terms by comparing counts in samples treated in a similar manner, or in absolute terms by calibrating the beta counting device against 14 C standards. The methods involved are labour-intensive, involve sample destruction, and provide only a single measurement of photosynthesis averaged over the period of 14 CO 2 exposure. Exposure times must be short (typically 15-60 s) so that depletion of CO 2 in the closed chamber does not reduce photosynthetic rate significantly, and so that fixed carbon is not lost from the sample by translocation. However, sufficient time has to be allowed for the labelled gas to reach and permeate the leaf. An advantage of the method over manometry is that it is more appropriate for studies with attached leaves and can be used for field measurements (Irvine 1967) . Also, labelled samples could also be analysed chemically to identify metabolites formed during photosynthesis.
An alternative method for estimating photosynthetic rate using 14 CO 2 involves the use of a gas scintillation counter to monitor the isotope in a gas stream flowing over the enclosed leaf. Lupton (1967) used a closed gas exchange system in which gas was re-circulated across the leaf and through the gas scintillation counter. A tangent drawn to the initial slope of the 14 CO 2 depletion curve provided an estimate of photosynthesis. Ludwig and Canvin (1971) used an ionization chamber to measure activity of 14 CO 2 in a flow-through gas exchange system so that instantaneous measurements of 14 CO 2 uptake could be measured. They showed that on supplying 14 CO 2 , the initial uptake was greater than the steady state uptake. They concluded that the initial uptake represents true photosynthetic rate (TPR), and the steady state uptake the apparent rate (APR) resulting from the net effect of 14 CO 2 uptake in photosynthesis and 14 CO 2 release by photorespiration. TPR minus APR would therefore provide an estimate of photorespiration rate; a process which is notoriously difficult to measure, since it involves production of CO 2 while photosynthesis is actively fixing CO 2 (Ogren 1984) . It should be noted that, unless stated otherwise, all the techniques for measuring photosynthesis described in this review measure net rates of photosynthesis. These rates represent the balance between CO 2 uptake and O 2 release in photosynthesis, against CO 2 release and O 2 uptake in both respiration and photorespiration. Separation of these processes is very difficult, even when using modern methods, and the role and regulation of dark respiration in illuminated leaves is still controversial.
Earlier attempts to measure respiratory CO 2 evolution in the light at the same time as CO 2 uptake by photosynthesis, involved feeding leaves with a substrate containing 14 C ( 14 CO 2 or glucose) and then measuring 14 CO 2 efflux from the leaf by beta counting, while measuring 12 CO 2 fixation by infra-red absorption spectroscopy. This was possible because the IR absorption spectra of 12 CO 2 and 14 CO 2 have little overlap. A problem with this approach is that photorespiration depends on recent photo-assimilate (Tregunna et al. 1964 ) and would therefore be associated with 12 CO 2 , rather than 14 CO 2 efflux. Also, the method does not account for the 14 CO 2 that may be re-fixed by the leaf internally. Using inhibitors of photosynthesis, it was shown by Zelitch (1968) that internal refixation may reduce the efflux of 14 CO 2 to only 33% of the total 14 CO 2 that is actually produced by respiration in the light. For a comprehensive historical survey of methods for measuring CO 2 and O 2 exchange by manometric and isotopic techniques see Sestak et al. (1971) .
Modern methods
Advances in microelectronics and manufacturing processes have led to the development of extremely Physiol. Plant. 117, 2003 complex and sophisticated systems for measuring photosynthesis and respiration. At the same time, parallel advances in digital data processing have meant that is now very easy for even the novice to make rapid and accurate measurements of these processes. Numerous companies offer competing analysers and systems for measuring CO 2 and O 2 exchange, and the researcher (and teacher) must decide which apparatus best meets the criteria for his or her application. The following sections describe the more common types of instrument available, their pros and cons, and the applications for which they are most suitable. It should be noted that the naming of particular instruments and manufacturers does not constitute a recommendation by the author.
Oxygen electrodes
Aqueous phase electrodes The use of a polarographic O 2 electrode for physiological studies dates back to Clark (1956) who employed the device for monitoring O 2 tension in blood. Later, the Clark electrode was modified specifically for use with isolated chloroplasts (Delieu and Walker 1972) , though the modified design works equally well for measuring respiration in isolated mitochondria and cell suspensions. Complete details of the design and use of the O 2 electrode for plant studies can be found in Walker (1990) .
Typically, an O 2 electrode consists of a platinum cathode and a silver anode linked by an electrolyte containing KCl. The electrodes and electrolyte are separated from the sample by a membrane, usually Teflon, which is permeable to oxygen. A polarizing voltage of about 0.7 V is applied across the electrodes so that at the negative platinum cathode O 2 is reduced to H 2 O 2 , which is then further reduced to hydroxyl ions. The four electrons required for these reductions are donated by the oxidation of silver to silver ions at the anode, where the silver ions combine with chloride ions to produce silver chloride. The current flowing between anode and cathode is directly proportional to the O 2 concentration at the cathode, and thus to the O 2 concentration in the sample medium on the other side of the Teflon membrane. The current is transduced into a voltage that may be recorded by data acquisition software. In the most popular designs for measurements of O 2 exchange in aqueous samples (e.g. DW1, Hansatech Instruments Ltd, King's Lynn, UK, Rank Brothers Ltd. Cambridge UK; RC650, Strathkelvin Instruments, Glasgow, UK) the sample is placed in a borosilicate glass cuvette surrounded by a water jacket. The electrodes are set in a plastic disc at the bottom of the cuvette, and the entire apparatus is placed on a magnetic stirrer. A small stir bar is placed in the sample so that it rests close to the membrane directly above the cathode. The cuvette is closed by a plunger, so that O 2 accumulates in the sample during photosynthesis, or is depleted from the sample during respiration. The slope of the accumulation or depletion curve provides a measurement of O 2 exchange rate, from which respiration or photosynthetic rate may be calculated based on the volume of the sample and some appropriate biomass index (chlorophyll content, cell density, etc.). Calibration of the instrument is linear and is conducted by setting a zero with deoxygenated water in the sample chamber (either by purging with N 2 or by the addition of sodium dithionite) and then setting a gain value using airsaturated water. With good calibration, changes of 0.01 mmol O 2 in the sample suspension can easily be measured. A 90% response time of 1-10 s for a step change in O 2 is typical, which allows observations of photosynthetic and respiratory kinetics (Leegood and Walker 1980) .
There are some important considerations for use of the O 2 electrode for respiration and photosynthesis studies:
(1) The O 2 sensing reaction consumes the gas that it is measuring. Therefore, if the sample is not stirred adequately, a local O 2 depletion zone will occur in the medium closest to the cathode, and erroneous data will be recorded. A stirring rate of about 500 r.p.m. is typical, but it is important to use the correct type of stir bar (such as a glass-coated 'flea') to avoid damage to fragile cells and organelles. Some O 2 electrodes have very small cathodes so that O 2 depletion is minimal and no stirring is necessary (e.g. 1302 Microcathode Electrode, Strathkelvin Instruments). (2) When fitting the plunger no air must be trapped in the sample, otherwise the trapped O 2 will contribute to the signal. The plunger usually has a small hole in it through which effectors of metabolism may be added to the sample. The sample medium should seal this hole when the plunger is properly placed. (3) If the electrode is not temperature-compensated, calibration and experiments must be conducted at the same temperature. Changes in temperature affect both the solubility of O 2 in the medium and the permeability of the membrane to O 2 . (4) The membrane must be fitted carefully, treated gently and replaced regularly for optimum performance. This is often the most frustrating aspect of O 2 electrode use.
For use of the electrode in studies of photosynthesis, the optical density of the sample must also be considered because even penetration of light is required. Typically, the sample should have a chlorophyll concentration of no more than 100 mg ml
À1
. It should also be noted that rapid photosynthesis in dense suspensions can lead to the production of O 2 bubbles that may cause erratic signals.
O 2 electrodes used in the aqueous phase are excellent for studying effectors of photosynthetic and respiratory metabolism. Inhibitors of electron transport such as DCMU and cyanide are easily added to the sample using a syringe that is inserted through the hole in the plunger (Walker 1990 ). The effects of uncoupling electron transport from ATP production may be studied by the addition of NH 4 Cl. The rapid response of the electrode allows the effects to be observed almost immediatelya major improvement over manometric methods. In addition, carbon metabolism may be studied in the sample by supplying it with 14 C as bicarbonate for photosynthesis, or organically as a respiratory substrate. Small aliquots of the sample may be withdrawn using a syringe and killed rapidly for 14 C analysis without interfering with the measurement of O 2 exchange.
A leaf disc electrode
The major limitation with aqueous phase O 2 measurements is that they are suitable only for isolated organelles or cells, both of which may not behave in the cuvette exactly as they would in their native tissue. To measure O 2 exchange from a leaf, Hansatech Instruments Ltd. developed the LD2 leaf disc electrode. This is designed for gas phase measurements of O 2 exchange from a 10-cm 2 leaf disc that is sealed into a gas tight chamber. A Clark-type O 2 electrode is located below the leaf disc and measures the O 2 content of the air in the chamber. The upper surface of the chamber has a window for the transmission of actinic light supplied from above. Water recirculates through the walls and above the window of the apparatus to control temperature. CO 2 may be supplied by purging the chamber with gas, or by placing capillary matting soaked with sodium bicarbonate in the base of the chamber so that dissociation of the bicarbonate produces gaseous CO 2 .
As in aqueous phase measurements, O 2 accumulates in the chamber during photosynthesis or is depleted from the chamber during respiration, so that the slope of the O 2 response curve can be used to estimate rate of O 2 exchange. However, unlike aqueous phase measurements, the internal volume of the chamber is not easily defined, because leaf discs or other inclusions may vary in volume. For this reason, the effective volume of the chamber must be measured if rates of O 2 exchange are to be calculated. This can be done quite easily by injecting a measured volume of air into the sealed chamber, via the chamber's gas port, using a gas-tight syringe. The change in the signal of the O 2 electrode can then be used to calculate chamber volume, because this depends on the amount of O 2 in the syringe (known), the pO 2 of the air in the chamber (known) and the volume of the chamber (unknown). A typical effective volume would be about 4 ml. Such a low volume of air contains an amount of CO 2 that is insufficient to support photosynthesis of an active leaf disc for more than a minute. Also, photosynthetic rate would decline throughout this period as CO 2 becomes limiting. For this reason, the leaf disc electrode is best used at very high (e.g. 5%) CO 2 . This limits its application to the study of maximum photosynthetic activity under a supplied light regime. This, however, may also be considered an advantage of the instrument because it is difficult to use infra-red gas analysers for measuring photosynthesis at levels of CO 2 that saturate C 3 photosynthesis, since they become increasingly insensitive at higher pCO 2 .
Other O 2 -based methods of measuring photosynthesis and respiration
Details of methods such as photoacoustic spectrometry, electron paramagnetic resonance oximetry, and mass spectrometry using the stable isotope 18 O 2 are beyond the scope of this review. For use of these techniques in measurements of photosynthesis see Van Gorkum and Gast (1996) .
Of particular interest is a relatively new fibre optic method for measuring O 2 , because it has some advantages over Clark-type electrodes. This method depends on the quenching by O 2 of luminescence (fluorescence and phosphorescence) from organometallic ruthenium compounds. An O 2 probe may be constructed from the ruthenium compound by embedding it in an oxygen permeable polymer matrix such as polyvinylchloride (PVC) or silicone, and placing it at the tip of a fibre optic light guide. Excitation light (approximately 480 nm wavelength) is supplied to the fluorophore from a filtered light source or blue LEDs, and emitted light (approximately 580 nm wavelength) is transmitted to a fluorometer. The luminescence quantum yield drops hyperbolically with O 2 concentration, following the Stern-Volmer relationship. This leads to linear dependence between O 2 concentration and the ratio of unquenched luminescence intensity to the intensity of luminescence in the presence of O 2 .
The probe may be used in either the gaseous or aqueous phases and its advantages over O 2 electrodes include: (1) it does not consume O 2 , so problems with local O 2 depletion and sample stirring are avoided; (2) it requires no membrane between sample and probe; (3) it has an almost instantaneous response time; and (4) there exists the potential to use the same optics for the simultaneous measurement of chlorophyll fluorescence (see section below) by using modulated excitation and separating O 2 and fluorescence signals by their spectra.
In a study of photosynthetic O 2 production in which values of quantum yield in the same leaf disc were measured using a ruthenium probe and a leaf disc O 2 electrode, identical results were obtained (Tyystjarvi et al. 1998) . A notable limitation to the ruthenium method was a deviation from sensor linearity at O 2 concentrations above 3% in the sample chamber. A commercial O 2 sensor based on luminescence quenching by O 2 is now available (FOXY, Ocean Optics, Dunedin, FL, USA).
Other O 2 sensors include fuel cells, which provide a very low cost means for measuring O 2 exchange in the gas phase (e.g. S101, Qubit Systems Inc. Kingston, Ontario, Canada). These thumb-sized sensors are galvanic cells (lead-oxygen batteries) consisting of a lead anode, an O 2 cathode, and an acid electrolyte. They incorporate an O 2 -permeable Teflon FEP membrane with a gold electrode bonded to its surface. O 2 diffusing through this membrane is reduced electrochemically at the gold electrode. A resistor and a thermistor (for temperature compensation) are connected between the anode and the cathode, so that the battery is always discharged. Current flowing through the resistor and thermistor is proportional to the partial pressure of O 2 in contact with the Teflon FEP membrane.
The response to pO 2 of fuel cells is linear from 0 to 100% O 2 , and a resolution of ±100 ppm is typical. They must be used in a closed system for studies of respiration and photosynthesis in plants, and consumption of O 2 by Physiol. Plant. 117, 2003 the sensor should be taken into account for the most accurate measurements. The 90% response time is about 20 s. Much faster response times (approximately 100 ms) can be achieved using zirconium oxide sensors (e.g. S-3A, AEI Technologies, Pittsburg, PA, USA). These instruments are used commonly for open flow respirometry studies with animals, though their resolution is too low for open flow studies of O 2 exchange in plants. To attain the resolution necessary for plant studies, dual zirconium oxide sensors (and dual fuel cell O 2 sensors) have been configured in differential oxygen analysers. These analysers will be considered below.
Open flow gas exchange measurements
All the methods described so far for the investigation of photosynthesis and respiration are suitable mainly for time-integrated, rather than continuous, measurements. Each method described requires that the sample be placed in a closed chamber, or recirculatory system, in which gas composition is modified by the plant. The rate of change of gas concentration calculated over a specific period is then equated to the rate of gas exchange by the plant. An alternative, and in many ways superior, method for measuring gas exchange rates is to use an open flow gas exchange system. In these, the sample is placed in a chamber through which gas is flushed at a measured flow rate and then vented to atmosphere. Differences in O 2 and CO 2 concentrations between the gas entering the chamber (reference gas) and that leaving the chamber (sample gas) are multiplied by flow rate through the chamber to obtain rates of gas exchange. Dual channel differential analysers measure reference gas and sample gas at the same time in parallel sensors, whereas, single channel analysers measure reference and sample gas sequentially using one sensor.
Open flow gas exchange systems have several advantages over the closed systems described above: (1) Photosynthesis and respiration may be monitored continuously with rates being calculated instantaneously by data acquisition software. (2) Different chamber designs may be used for various types of samples including intact, attached leaves, root systems and entire plants. (3) It is easier to control environmental conditions in a flushed chamber than one that is sealed. (4) Analysis is non-invasive so that the same sample may be measured at different stages of development, or at different times after the imposition of a treatment.
In deciding whether or not gas exchange rates from a sample can be measured accurately in an open flow system, it is important to estimate these rates in advance, bearing in mind that flow rate through the chamber must be low enough for the sample to change the pCO 2 or pO 2 of the inflow air by an amount within the range measurable by the gas analysers used. However, the flow rate cannot be too low since this would preclude the advantages of 'instantaneous' measurements. Also, at very low flow rates, measurement errors may occur due to memory effects related to non-biological exchange of gases at the surfaces of system components.
Almost all open flow gas exchange systems for measurements of respiration and photosynthesis include an infra-red gas analyser (IRGA) to monitor CO 2 concentration in the reference and sample gas streams. It is only recently that O 2 analysers with sufficient sensitivity have been developed for flow-through analysis of O 2 exchange from plants.
Infra-red gas analysis
Heteroatomic molecules such as CO 2 , H 2 O, NO, and NH 3 , absorb infra-red radiation in specific submillimeter IR wavebands. Gas molecules with two identical atoms (e.g. N 2 , O 2 , H 2 ) do not absorb infra-red radiation. The main absorbance band for CO 2 is at 4.25 mm with secondary peaks occurring at 2.66, 2.77 and 14.99 mm (Hill and Powell 1968) . Absorption at any wavelength follows the Beer-Lambert Law so that if gas containing CO 2 is flushed through a tube (called a waveguide) with an infra-red light source at one end and an infra-red detector at the other, the signal from the detector will decline with increasing CO 2 concentration, or increasing waveguide length. Calibration requires a source of CO 2 -free air to set a zero, and gas with a known CO 2 concentration to set a span value. The former can be provided easily by flushing air through a column containing soda lime, whereas provision of the latter is more expensive. An analysed gas mixture with a measured amount of CO 2 can be provided by gas supply companies, though it must be ensured that the gas is supplied in a container with an inner surface does not interact with CO 2 , and that the pCO 2 is known accurately. Alternatively, calibration gas mixtures may be prepared by mixing pure CO 2 with CO 2 -free air using precision gas mixing pumps (SA27 or M300, H. Wosthoff GmbH, Bochum, Germany). For less precise measurements, such as for comparative experiments in the teaching laboratory, outside air sampled away from vegetation or exhaust systems can be used as a standard and assumed to contain, very roughly, 370 ppm CO 2 .
IRGAs are calibrated, typically, in units of ppm CO 2 , and the two point calibration assumes a linear relationship between IRGA output and mole fraction of CO 2 . The voltage, or current, output of IRGAs is usually linearized by the manufacturer. However, for the most demanding applications, this linearization should be checked against a multipoint calibration (Jahnke 2001). It is also important to calibrate the IRGA at the temperature and pressure at which it will be used, because these conditions affect the molar content of CO 2 per unit volume of air (mol m À3 ), and hence the number of IR-absorbing molecules of CO 2 in the waveguide, without affecting the mole fraction or volume fraction (umol mol À3 , or ppm, respectively) of CO 2 in the air. Water vapour can also interfere with linearity because it has an absorption peak at 2.7 mm, which is close to the secondary peaks for CO 2 absorption. It also causes line broadening of the CO 2 absorption peak. In addition, production of water by the sample dilutes the CO 2 in the air leaving the sample chamber, so that part of the measured change in CO 2 is not due to photosynthesis or respiration. Unless the effect of water can be accounted for (as in von Caemmerer and Farquhar 1981), sample gas should be dried before entering the waveguide. Magnesium perchlorate or Drierite are suitable desiccants, but silica gel should not be used because it absorbs and desorbs CO 2 .
A large number of IRGAs are available commercially for plant science applications, ranging from microprocessor controlled systems that are self-calibrating and include full data analysis capabilities (e.g. LC4-A, ADC Bioscientific, Hoddesdon UK; CIRAS-2, PP Systems Inc., Hitchin, UK; LI-6400, Li-Cor Biosciences, Lincoln, NE, USA; CI-310, CID Inc., Camas, WA, USA) to inexpensive pocket-size IRGAs around which gas exchange systems can be built (e.g. S151, Qubit Systems Inc.). All have the ability to resolve CO 2 concentrations of less that 1 ppm against a background of air, which is necessary for investigations of photosynthesis and respiration. To use these instruments effectively, several other aspects of the gas exchange system in which they are incorporated must be considered carefully.
Flow rate. Since calculated rates of CO 2 exchange depend on the flow rate of air through the sample chamber, it is vital that flow rate is measured accurately. Earlier gas exchange systems used variable area flow meters with needle valves to regulate and measure flow (Long and Ireland 1985) . While these flow meters have excellent stability with temperature and pressure, they lack digital or analogue signal outputs for data acquisition systems so flow rate cannot be monitored continuously for use in rate calculations. Electronic thermal mass flow meters are now the most common means for measuring flow in gas-exchange systems and are available in single flow rate ranges (e.g. Omega Engineering Inc., Stamford CT, USA) or dual ranges (e.g. G247, Qubit Systems Inc.). They must be used at the factory calibration temperature, or a correction factor must be applied for use at other temperatures. They are usually calibrated in N 2 , and the same calibration can be used for O 2 and air. Use with other gases requires a calibration correction factor. Calibrations can be checked with a simple homemade bubble flow meter.
Sample chamber design. The enclosure of a plant, or part of a plant, in a sample chamber necessarily alters the environmental conditions to which it has been previously exposed. For investigations of root respiration, the effects can be minimized by growing the plant in a pot that can be sealed and flushed for gas exchange measurements (Walsh and Layzell 1986) . If root respiration is to be measured in the absence of soil respiration, a sterile planting medium should be used. Grade 16 silica sand (Industrial Quartz, New Canaan, CT, USA) is suitable, because it is porous enough for even permeation of flushed gas, while retaining enough moisture so that twice daily application of nutrient solution is sufficient to avoid water stress. Measurements of respiration from roots grown in dense soil is difficult because gas channels through the path of least resistance so that pockets of unstirred air result. Adequate gas mixing is equally important in leaf chambers, though it can be achieved more easily by incorporating a fan or by rapidly recirculating the air through the chamber with an additional gas pump. Failure to do this increases the resistance of the leaf boundary layer and result in gradients of CO 2 , water vapour and temperature along the leaf. Boundary layer resistance can be measured by making a leaf replica from blotting paper, wetting it, and measuring its rate of water loss in the chamber (Parkinson 1985) . Control of temperature and humidity in chambers is also very important, especially because leaf temperature can be affected by heat load from a light source and by the leaf's rate of evapotranspiration. Most commercially available leaf chambers incorporate a thermistor for measuring surface temperature of the leaf. Temperature may be controlled by Peltier elements within the chamber, or by recirculating water through channels in a metal chamber base. Relative humidity of the gas entering the chamber may be controlled by saturating the gas with water by bubbling it through a water bath at a measured temperature, and then condensing a proportion of the water by bubbling it through a second water bath at a lower, and precisely measured, temperature. Alternatively, dew point generators are available commercially (e.g. LI-610, Li-Cor Inc.).
The materials used for chamber construction may have a great influence on the accuracy and stability of CO 2 measurements (Long and Hallgren 1993) . Because CO 2 has a high solubility, it binds to any material that absorbs water. Acrylic plastics are popular materials for leaf chambers because of their high transmission of photosynthetically active radiation (PAR), but they are notorious for water and CO 2 absorption. The slow exchange of water vapour and CO 2 from plastics, especially with changes in temperature, can cause errors of more than 50% in the calculation of rates of photosynthesis and transpiration (Bloom et al. 1980) . Errors in measurements of transpiration rate lead to errors in the calculation of intercellular leaf CO 2 concentration (Ci) through estimates of stomatal conduction to water vapour (von Caemmerer and Farquhar 1981) . The relationship between Ci and CO 2 assimilation rate (A) is so fundamental to the study of photosynthesis (Farquhar and Sharkey 1982 ) that many portable IRGAs (LI-6400; CIRAS-2; LCA-4 as above) incorporate the ability to generate A/Ci curves as a major design feature. These IRGAs have leaf cuvettes with properties acceptable for most applications, but they must be maintained in good condition to avoid surface damage that could lead to changes in their permeation properties.
Tubing. Even the most compact gas exchange systems designed by manufacturers for field use incorporate significant lengths of tubing, and most homemade systems tend to use far more tubing than is required. Tubing presents a large surface area over which gases may diffuse into and out of the system, so choice of low permeability materials is essential. Metal tubing might seem the best choice because of its zero permeability to gases, but the correct metal must be chosen. The practise of using copper tubing, because of its low cost and flexibility, should be avoided because it adsorbs and desorbs CO 2 strongly. Stainless steel is a good choice but it is difficult to work. Most gas exchange systems use plastic tubing, but here again water absorption and permeability to CO 2 are important considerations. Recommended plastics are polytrifluorochloroethylene (CTFE) and poytetrafluoroethylene (PTFE) (Interplast Inc. Burlington NJ, USA), both of which absorb negligible water and have low permeability to CO 2 (Long and Hallgren 1993) .
Sample parameters. Measurement of photosynthetic or respiratory rate is usually expressed in terms of mmoles CO 2 exchanged per unit time and per some sample parameter. For measurements of respiration in roots and shoots this parameter would normally be DW. Before drying, root systems must be washed thoroughly to dislodge all soil and sand particles that may greatly influence results. For leaf studies, rates are usually expressed per unit area, in which just the area of one side of the leaf is considered. Often, the leaf chamber completely encloses a fixed area of leaf; but, where this does not happen, the enclosed area can be determined by tracing the leaf outline onto paper, and then cutting and weighing the trace. This can be difficult and may become destructive if the leaf does not lie flat. Electronic leaf area meters are available from several manufacturers (e.g. LI-3000A, Li-Cor Inc.; LAM-100, ADC Instruments; AMS, Delta-T Devices, Cambridge, UK), and most do not require the leaf to be detached from the plant.
Light. The ideal light for measurements of photosynthesis is sunlight, but it is also the least practical source to use in most gas exchange systems. Xenon-arc lamps match the spectral output of sunlight quite closely, as does a combination of high pressure sodium and mercury lamps. Inexpensive halogen lamps may be used for less rigorous applications. All these sources require some degree of infra-red filtration to avoid placing too much of a heatload on the sample in the leaf chamber. Light output is best varied by use of neutral density filters because changes in power supply to the lamps changes both the quantity of the light and its spectral quality. LED light sources produce very little heat, and have become increasingly popular as sources of PAR. They produce light in a narrow waveband, the most common sources using red LEDs with a nominal 660 nm peak because these tend to be more energetically efficient than LEDs at other wavelengths. The lack of other physiologically active wavelengths can be problematic, especially because blue light is required for the study of stomatal movement (Zeiger et al. 1987) . The LI-6400 portable photosynthesis system (Li-Cor Biosciences Inc.) has an optional LED light source (6400-02B) with a mixed population of red and blue LEDs to provide broader spectrum light.
In most studies, leaves are placed horizontally in the leaf chamber in as flat an orientation as possible so that an even distribution of light is attained across the upper surface. Light incident on the leaf is most commonly used for determining the relationship between photosynthetic rate and PPFD. This situation is artificial, given that light in the natural environment is usually diffuse and impinges on both the upper and lower surfaces of the leaf. Also, it is the amount of absorbed light, rather than incident light, that determines the rate of photosynthesis. A special spherical leaf chamber with reflective inner walls is required to produce diffuse light and to allow the measurement of the amount of light absorbed by the leaf. Such integrating sphere leaf chambers are essential for the accurate measurement of photosynthetic quantum yield (Long et al. 1996) .
Measurement of gas exchange in canopies
Although field-portable CO 2 analysis systems are usually designed for use with individual leaves, it is unwise to assume that photosynthetic and respiratory rates measured on a single leaf, or even several replicate leaves, are indicative of rates within a crop. To provide a more representative measurement of crop gas exchange, several plants may be enclosed within a tent-like structure that acts as a large, typically open flow, sample chamber. The same considerations of air turbulence and environmental control applied to leaf chambers should be applied to larger outdoor chambers, with the additional problem that infra-red radiation from sunlight is not as readily filtered as that from artificial light sources. The chamber should therefore be constructed of transparent material that has a high thermal transmittance. Propafilm-C (ICI Americas Inc., Wilmington, DE, USA) is probably the best material for this purpose. Any of the field portable IRGAs mentioned above may be used to measure CO 2 exchange from the chamber.
An alternative technique for measuring CO 2 exchange from canopies involves analysis of CO 2 in the external atmosphere as it moves during daylight from regions of higher concentration outside the canopy to regions of lower concentration inside. The movement may be reversed at night as respiration increases the level of CO 2 within the canopy. CO 2 movement is also affected by wind speed, wind direction and temperature, so these parameters must be measured in conjunction with CO 2 . A special open-path IRGA has been developed for such studies (LI-7500, Li-Cor Biosciences) that does not incorporate the IR source and detector in a wave guide. Instead, the IR light is directed at a mirror so that it reflects back to the detector after passage through the external atmosphere. An open path IRGA is a necessary component of the global network of micrometeorological flux measurement sites (FLUXNET) that monitors the exchanges of carbon dioxide, water vapour, and energy between the biosphere and atmosphere (Baldocci et al. 2001) .
Measurement of open flow oxygen exchange in plants
Virtually all studies to date of respiratory and photosynthetic gas exchange in plants under atmospheric conditions have used infra-red CO 2 analysis as the measurement system. This is because the change in CO 2 content of air brought about by the plant is proportionally far greater than the change in O 2 content and therefore is much easier to measure accurately. A leaf in a leaf chamber may cause a decline in the CO 2 content of the atmosphere from 350 ppm to 330 ppm, a difference of 5.7% between the reference and sample gas. If one molecule of O 2 is produced for every CO 2 fixed, the corresponding increase in the O 2 content of the atmosphere would be from 209 000 ppm to 209 020 ppm, a change of only 0.0001%. Despite the difficulties of measuring such a small changes in O 2 , differential O 2 analysers have been developed that are capable of resolving down to ±1 ppm O 2 against a background of air (Willms et al. 1997 , Cen et al. 2001 , Bloom et al. 2002 . Bloom et al. (2002) developed a custom differential O 2 analyser incorporating two zirconium oxide cells in differential mode, heated to 750 C ± 0.01 C. At this temperature, and with such fine temperature control, the cells become selectively permeable to O 2 and generate a 106-nV signal potential per ppm difference in O 2 between the reference and sample gases. This system has a reported resolution of ±2 ppm O 2 against a background of air. Cen et al. 2001 ) used a commercially available differential O 2 analyser (S104, Qubit Systems Inc.) incorporating two fuel cell O 2 sensors in differential mode operating at 40 C. The manufacturers of this instrument claim a resolution of ±1 ppm O 2 against a background of air, and the ability to measure O 2 differentials in the high percentage range using the same instrument.
Careful attention must be paid to the control of gas temperature and pressure when measuring small differentials of O 2 . In dry air at constant pressure and 20 C, a difference in temperature of 0.01 C between the reference and analysis cells of the Qubit S104 analyser may lead to a differential O 2 measurement of 7 ppm due to molar concentration differences at the same mole fraction of O 2 . Cell temperature is therefore tracked, and corrections are made in software for changes in gas density and any temperature effect on the permeability of the sensors' membranes. Regulation of gas pressure is also vital, because at an atmospheric pressure of 100 kPa, a differential pressure of only 5 Pa between the reference and sample cells is sufficient to cause a measured differential O 2 of 10 ppm. A differential pressure sensor is incorporated into the instrument that allows automated correction for changes in pressure. This also provides an easy calibration method in which a measured differential pressure is applied between the two cells as they are flushed with dry air at the same pO 2 . The resulting differential O 2 measurement is linearly related to the differential pressure applied (Willms et al. 1997) .
It may be asked why the researcher would choose to measure respiration and photosynthesis by O 2 exchange when CO 2 exchange measurements are easier and more accurate, especially when the CO 2 exchange rate (CER) and O 2 exchange rate (OER) are often assumed to be equal. The reactions determining O 2 exchange and CO 2 exchange rates are linked in both photosynthesis and aerobic respiration, but they are separated by many other oxidative and reductive reactions. If all the electrons released from water splitting in PSII are used for reduction of CO 2 to carbohydrate, 1 mole of CO 2 is fixed in the Calvin Cycle for every mole of O 2 produced by PSII, and the photosynthetic quotient (PQ ¼ -OER/CER, where gas evolution rate is positive and consumption rate is negative) equals 1.0. However, if electrons are drawn from photochemical reactions to other reductive sinks (e.g. nitrate assimilation) more O 2 will be produced than CO 2 consumed and PQ will be greater than 1.0. Similarly, respiratory quotient (RQ ¼ -CER/OER) is equal to 1.0 only when carbohydrate is being respired aerobically. Because fat is far more reduced than carbohydrate, a greater amount of O 2 is required for its oxidation, so that less CO 2 is produced per unit O 2 consumed, and RQ falls significantly below 1.0. Therefore, by measuring both CO 2 and O 2 exchange rate simultaneously in an openflow gas exchange system, not only may photosynthesis and respiration be measured, but additional information is provided about the metabolic status of the sample. Willms et al. (1999) measured Diverted Reductant Utilization Rate (DRUR ¼ 4 Â (OER 1 CER, where 4 electrons are associated with each O 2 and CO 2 exchanged) to quantify how much reducing power is diverted to sinks other than those associated with the respective production and metabolism of carbohydrate in photosynthesis and respiration. They defined DRUR as a measurement of the rate of synthesis of biomass that is more reduced per unit carbon than glucose (in photosynthesizing tissues) or than the substrates of metabolism (in respiring tissues). Measured increases in DRUR with illumination of soybean fruits, indicating an increase in reductive metabolism, suggested that fatty acid synthesis in the fruits was stimulated by light (Willms et al. 1997 ). This study also showed, for the first time, that simultaneous evolution of CO 2 and O 2 from soybean seeds can occur in the light. Measurements of DRUR have also been used to estimate non-invasively the relative rate of nitrate reduction in the roots and shoots of white lupin (Cen et al. 2001) . In a recent study, Bloom et al. (2002) showed by simultaneous measurements of CO 2 and O 2 exchange in wheat that exposure to elevated pCO 2 (700 ppm) resulted in a diminished capacity for light-dependent nitrate assimilation. This effect led to a halving of CO 2 enhancement of plant growth, and a doubling of CO 2 inhibition of shoot protein. These results have important implications for the use of nitrate fertilizers given the present increase in atmospheric pCO 2 .
Measurement of O 2 exchange has also helped to settle a controversy concerning effects of elevated pCO 2 on respiration in plants. Several reports have indicated that a doubling of atmospheric pCO 2 would result in a 20% decrease in respiration (reviewed by Drake et al. 1997) due, supposedly, to inhibition by CO 2 of the respiratory enzymes cytochrome oxidase and succinate dehydrogenase. Such a decline would have important implications for models that predict the scope and effect of changes in global atmospheric pCO 2 . However, simultaneous measurement of CO 2 and O 2 exchange at elevated Physiol. Plant. 117, 2003 pCO 2 failed to show any inhibition of O 2 uptake in leaves of Rumex crispus and Glycine max, indicating that respiratory metabolism was unaffected (Amthor et al. 2001) . Extremely elaborate and careful measurements of CO 2 exchange of Phaseolus and Populus leaves by Jahnke (2001) , also failed to show any inhibition of respiration at elevated pCO 2 , and indicated that the results of many previous studies were erroneous due to the above-mentioned problems of leaky gas exchange systems, decreased sensitivity of IRGA response to CO 2 at higher CO 2 values, memory effects of system components, and insufficient correction for water vapour effects. More recently, Jahnke and Krewitt (2002) showed that apparent inhibition of respiration at elevated pCO 2 occurred with mature leaves of Nicotinia, but not with younger leaves. They attributed this to the occurrence of a continuous system of open pores in the lateral direction of the mature leaves that led to CO 2 leakage from the leaf chamber via the leaf tissue itself, causing erroneous results. The elevated pCO 2 therefore affected measurement of respiration rate, but not respiration rate itself. By contrast, the intercellular spaces in younger leaves have much greater resistance to gas diffusion and do not leak CO 2 to the exterior. This report indicates that care should be taken when using leaf chambers that accommodate only part of the attached leaf, since the unenclosed part could represent a gas channel to the outside atmosphere.
Criteria for choosing gas analysis systems
The sections above make it clear that there are many choices of gas analysers, and gas exchange systems, facing the person who wishes to measure photosynthesis and respiration in plants. The criteria for deciding which analyser or system is most suitable for a particular application include the gas to be measured (O 2 or CO 2 ); the medium in which measurements will be made (aqueous or gaseous); the size and metabolic activity of the sample (analyser resolution); the range of gas concentrations to which the sample will be exposed (analyser range); whether or not fast transient responses are to be measured (analyser response time); the need for continuous or intermittent measurements (open or closed systems); and whether or not destructive sampling is acceptable. In addition, cost will often be a significant factor. Tables 1A,B,C list the typical characteristics of some of the analysers described in this paper and may be used a general guide to choosing an appropriate system for an application. However, it must be emphasized that there is great variation in the specifications of different models within each class of analyser, and listing of models does not imply a recommendation. Also, the limits to which an analyser may be pushed will depend, in part, on the ingenuity of the user.
Measurements of chlorophyll fluorescence as an indicator of photosynthetic activity
The systems described above for the measurement of photosynthetic O 2 and CO 2 exchange are easily integrated with an apparatus for measuring chlorophyll fluorescence so that the rate of O 2 released in Photosystem II and the rate of CO 2 fixation in the Calvin Cycle may be correlated with photochemical events. For a review of chlorophyll fluorescence measurement techniques and terminology see Rohacek and Bartak (1999) . Essentially, a pulsed excitation light is used to excite chlorophyll fluorescence at a photosynthetic photon flux density (PPFD) that is insufficient to activate carbon fixation. When only this light is incident on a dark-adapted sample, the basal fluorescence yield (Fo) is measured. When the sample is then exposed for about 0.8 s to a saturating flash of actinic light (typically 5000-10 000 mmol photons m À2 s
À1
) maximum fluorescence yield (Fm) is measured. The expression (Fm-Fo)/Fm, commonly referred to as Fv/Fm, represents the efficiency of energy capture (photon yield) by open PSII centres. This value is highly conserved at about 0.83 for non-stressed samples and indicates that the energy of 9-10 photons absorbed is required for the production of one molecule of O 2 released from photosynthesis (Walker and Osmond 1986) . A reduction in the value of this quantum yield of photosynthesis indicates damage to PSII that may have arisen from environmental factors or the application of inhibitors.
When actinic light is turned on continuously, fluorescence yield increases then declines in a complex pattern that is determined by changes in the reduction state of electron carriers in PSII and PSI, and by the establishment of a proton gradient across the thylakoid membrane. Analysis of this pattern (quenching analysis) may be used to investigate these processes (BolharNordenkampf and Oquist 1993). It usually takes several minutes for fluorescence to reach a steady value (F 0 ) under actinic illumination. If the sample is then exposed to a saturating flash of light, fluorescence yield increases to a maximum value (Fm 0 ) that is lower than the maximum value (Fm) in the dark-adapted state. Genty et al. (1989) showed that the expression (Fm 0 -F 0 )/Fm 0 represents the operating efficiency of PSII, and determined that this has a linear relationship with the quantum yield of CO 2 uptake at low pO 2 when photorespiration is inhibited. Seaton and Walker (1991) confirmed this finding for the quantum yield of O 2 production. These studies raise the intriguing possibility that photosynthetic rate under non-photorespiratory conditions may be estimated by measurement of chlorophyll fluorescence alone, provided that PPFD is measured. For example, if fluorescence measurements showed a quantum yield of 0.1 mmol O 2 released per photon at a PPFD of 100 mmol photons m À2 s À1 , this would translate arithmetically into an O 2 production rate of 10 mmol O 2 m À2 s À1 . It should be noted, however, that fluorescence measurements are derived mainly from the chloroplasts closest to the excitation light (upper layers in a leaf, or those closest to the surface of an aqueous cuvette) and are considered representative of the entire sample. This may not be a valid assumption for thick leaves or dense cell suspensions. By contrast, gas exchange measurements are integrated over the entire sample.
Numerous systems are available for the simultaneous measurement of chlorophyll fluorescence with O 2 exchange (e.g. FMS1 with DW2, Hansatech Instruments; PAM 101, 102 and 103, Heinz Walz GmbH, Effeltrich, Germany) and with CO 2 exchange (e.g. FL2LP, Qubit Systems Inc.; LI-6400F, Li-Cor Biosciences Inc.). Most of these measure chlorophyll fluorescence from just a small part of the sample while measuring gas exchange over the entire sample area, so leaf heterogeneity is not taken into account. Li-Cor's LI-6400F overcomes this potential problem by measuring chlorophyll fluorescence and CO 2 exchange over a 2-cm 2 area of leaf enclosed in a leaf chamber. More recently, chlorophyll fluorescence imaging systems have been developed that allow measurement of fluorescence heterogeneity within the sample (FluorImager, Qubit Systems Inc., FluorCam, Photon Systems Instruments, Brno Czech Republic; Imaging-PAM, Heinz Walz GmbH). These systems use a filtered CCD camera as a fluorescence detector that captures a complete image of the sample. Fluorescence parameters Slow response time. Requires rigorous environmental control of gas exchange system. Physiol. Plant. 117, 2003 may then be calculated automatically for user-selected areas of the image. It is important when using these systems to ensure that the sample is illuminated evenly by both the excitation and actinic light, so that fluorescence heterogeneity is not caused by the instrument itself. This limits the size of the sample that can be studied accurately, though the FluorImager (Qubit Systems Inc.) has the ability to provide even illumination over a minimum 12 Â 8 cm area, sufficient to monitor several leaf chambers simultaneously, or 96 seedlings grown in a standard 96 well plate. The FluorImager can also identify up to 250 individual samples (such as Chlamydomonas colonies, or Arabidopsis seedlings) within the image and calculate fluorescence parameters for each sample separately and simultaneously. It is now possible therefore to obtain up to 250 estimates of photosynthetic rate from quantum yield measurements within a few seconds. Such technology is likely to revolutionize screening of genetically modified organisms for photosynthetic phenotypes.
At the microscopic level, high resolution imaging systems have been used to measure chlorophyll fluorescence parameters in individual chloroplasts. This has allowed quantum efficiency of chloroplasts in guard cells to be compared with those in adjacent mesophyll cells during stomatal movement (Baker et al. 2001 , Lawson et al. 2002 . These studies have shown that the response of photosynthesis to CO 2 and O 2 in guard cells is very similar to that in mesophyll cells.
Concluding remarks
The simultaneous measurement of CO 2 and O 2 exchange, chlorophyll fluorescence, light, temperature, pressure and humidity allows the researcher to obtain instantaneous, accurate measurements of the photosynthetic and respiratory characteristics of plants in the laboratory and the field. Sophisticated instrumentation has made such measurements simple. However, it is vital to understand the limitations of equipment, the properties of the many components of a gas exchange system, and even the anatomy of the sample, because all these factors affect measured parameters. As always, proper experimental design by the researcher will be the most important factor in determining the value of experimental results.
